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载并测量了 C-V 实验数据，我们得到 SiNx 介质的充电特性如下： 
• 硅悬健具有两性性质，它们可以被正的或负的充电； 
• 来自开关金属桥的电荷注入是引起开关致动部分粘连现象的主要原因； 
• SiNx 介质对空穴俘获比电子俘获更容易； 
• 由于陷阱电荷对电介质内部电场的影响，电荷的注入以至积累将趋于饱和； 
另外，我们还研究了电压致动波形对开关电介质层的电荷积累影响进行了研究。




























First part- Abstract 
2 
Abstract 
First part: Investigation of charging characteristics in the dielectric for RF 
MEMS switches 
RF MEMS capacitive switches hold great promise in commercial 
aerospace and military applications. However, their commercialization is 
hindered by reliability concerns: charging effect in the dielectric layer can 
cause irreversible stiction of the actuating part of the switch. In this thesis, a 
Metal-Insulator-Semiconductor (MIS) capacitor is used to investigate the 
charge accumulation in the dielectric layer of RF MEMS switches. By 
measuring the capacitance versus voltage (C-V) curves of MIS capacitor after 
voltage stressing, the dielectric charging/discharging characteristics are 
obtained. The experimental results under DC stress indicate the charging 
characteristics of SiNx dielectric in RF MEMS:  
• The Si dangling bonds are of amphoteric nature, so these traps can be 
negatively or positively charged; 
• The injected charges from the metal bridge in RF MEMS switches are 
responsible for stiction phenomena; 
• The hole capture is more favored over electron capture;  
• The charge accumulation tends to saturate due to the effect of the 
trapped charges in dielectric on the applied electric field; 
The effects of the actuation voltage waveform on the charge accumulation 
in the dielectric layer were investigated. It is verified that the tailored 
actuation voltage waveforms can be used to improve the reliability of RF 
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1. Introduction 
1.1  A brief history of MEMS switch  
Radio Frequency Microelectromechanical Systems (RF MEMS) are nowadays 
becoming a popular technology for many applications. Although MEMS have been 
developed since 1970s for sensors, accelerometers, gas chromatographs, and other sensor 
devices, it did not get much attention for RF and Microwave frequency for long time. 
MEMS switches work on the same principle as the simple mechanical moving switch, like 
basic SPST. The beam moves mechanically either to make an open or short circuit. The 
difference is that it is miniature and works at RF and Microwave frequency. 
 Figure 1.1 shows a basic bridge-like RF MEMS capacitive switch. It consists of a 
metal bridge suspended by anchor above the central conductor of a coplanar waveguide 
(CPW); a thin dielectric layer covers the central conductor in the contact area. When the 
bridge is in the up-state, the grounded bridge and the CPW central conductor form a very 
small capacitance, so that a RF signal can freely propagate from one side of the CPW to 
the other side. When a sufficient bias voltage is applied between bridge and central 
conductor, the bridge collapses onto the dielectric and the switch enters its high 
capacitance state, which means a low impedance path to ground for the RF signal. By 









Figure 1.1: A basic bridge-like RF MEMS capacitive switch  
In 1990-91, under the support of DARPA (Defense Advanced Research Projects 
Agency), Dr. Lary Larson at the Haughs research labs in Malibu, California, developed the 
first MEMS switch (and varactor) that was specifically designed for microwave 
applications. Although the switch was not mature and reliable, it demonstrated excellent 
performance up to 50 GHz.  The initial results of this research were so outstanding that 
they stirred the interest of several groups in the U.S. government. By 1995, Rockwell 
Science Center and Texas Instruments both had developed outstanding RF MEMS switches. 
The Rockwell switch was a metal-to-metal contact type, suitable for DC-60 GHz 
applications, while Texas Instrument switch was a capacitive contact switch, suitable for 
10-120 GHz applications. From then lot of universities, laboratories and companies are 
actively pursuing research on RF MEMS devices. Nowadays there are lots of companies 
also working in this area, such as Raytheon, MIT Lincoln labs, Rockwell, Motorola, 













First part-Chapter 1 
 6
several RF MEMS switches ( metal contact and capacitive designs). 
 
Figure 1.2  several RF MEMS switches( metal contact and capacitive designs) 
RF MEMS are having a nice research and advancement due to its huge potential in 
both commercial and defense application. There is lot of advancement happening in 
semiconductor industry like GaAs HEMT, MOSFET etc. The gate lengths are becoming 
smaller and power consumption is reducing for CMOS. But the advance in the switching 
technology, like PiN diode did not advance in the same rate. The cut-off frequency for PiN 
diodes switch is not advancing as the same rate as other technology. For satellite and short 
range communication application the operating frequency is going higher and they are 
approaching to the THz range. So a new switching device is required which can meet the 
cut-off frequency. The RF MEMS is such a device which can fulfill the higher cut-off 
frequency. The cut-off frequency of a typical RF MEMS switch can go upto 40 THz, which 
is really amazing. RF MEMS are nowadays becoming very popular due to its very low 
insertion loss, high isolation and very high operating frequency. 
1.2  RF MEMS technology  
There are several RF MEMS technology areas where the research is going on 
nowadays. They are briefly mentioned below.   
• RF MEMS switches, varactor and inductor are nowadays mature enough. They can 
operate from DC to several tens of GHz with very good RF performance. The RF 
MEMS switch can move upto several micron without any problem. 
• Acoustic vibrations can be used in FBAR (thin film bulk acoustic resonator) and 
filters. They have very excellent performance with very high Q up to several GHz. 
They are widely used for wireless application, particularly in cellular telephone. The 
interdigital SAW filters are usually large at low frequency but they are growing 
miniature at higher frequency. 
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• There is lot of research is going in the field of truly mechanical resonator. The 
movement of the beam is very small. They can be both bridge and cantilever. The 
mechanical resonant frequency of the beam or cantilever depends on the dimension 
and material of the beam. This resonant element can be used in filter, oscillator (for 
reference clock) etc. Usually they have very high Q. Bulk and surface 
micromachining technique can be used for the process for such kind of device. 
Although the resonant frequency is not very high at present, they are going high. 
Because as the process technology is advancing, smaller device can be fabricated, 
which make the resonant frequency higher. 
1.3  RF MEMS Applications areas 
RF MEMS have very good RF performance in RF and Microwave region. The DC 
contact switches provide very good insertion loss and isolation at low frequency from 
DC-several tens of GHz. The capacitive switches provide very good insertion loss and 
isolation at higher frequency for 3-4GHz to 100 GHz. The power consumption of RF 
MEMS switches is very low or close to zero. So it can be used in portable system where 
the battery life time is very important. The cut-off frequency of RF MEMS switches is 
30-50 times better than their counterparts. They can be used in phase shifters and tunable 
circuits (matching networks, filters etc.). Figure 1.3 shows the applications areas of RF 
MEMS switches. 
 
Figure 1.3 RF MEMS applications areas 
 In Table 1.1 summarizes the application areas of RF MEMS devices and the lifetime 
and number of cycles required. A summarized subsystems and circuits that can be benefit 
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Table 1.1 Application areas of MEMS switches, varactors, and High-Q Inductors   
Area System Number of cycles (Billions) Years
Ground 1-10 2-10
Space 10-100 2-10Phased arrays Communications systems Airborne 10-100 2-10
Ground 10-100 5-10
Space 10-100 5-10
missile 0.1-10 1-5 
Airborne 1-100 5-10
Phased arrays Radar systems 
Automotive 1-10 5-10
portable 0.01-4 2-3 Wireless 
Communications Base station 0.1-100 5-10
Satellite (communications and radar) 0.1-1 2-10
Airborne (communication and radar) 0.1-10 2-10
Switching and reconfigurable 
networks 
Instrumentation 10-100 10 
Wireless communications (portable) 0.1 2-3 
Satellite (communication and radar) 0.1-1 2-10
Low-power oscillators and 
amplifiers (varactors, 
inductors) Airborne (communication and radar) 0.1-10 2-10
 
Table 1.2 Subsystems and circuits that can be benefited from RF MEMS elements 
RF MEMS Elements  Switch, Varactor, Inductor 
Switching networks 
Transmit/receive switches 
Very high isolation switches (instrumentation) 
Programmable attenuators 
Phase shifters (digital and analog) 
Reconfigurable antennas 
Reconfigurable matching (or impedance) networks 
Reconfigurable Butler matrices for multi-beam systems 
Tunable filters 
Switched filter banks 
Miniature 
Switched diversity antennas, oscillators, amplifiers 
Low phase-noise oscillators (fixed and tunable) 
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1.4  Performance of RF MEMS switches  
RF MEMS switch has extremely low insertion loss during on state and very high 
isolation during off state. They are very suitable for RF and Microwave frequency region. 
They are extremely linear, so have very low intermodulation products. They consume very 
little power during actuation. They can provide a very high capacitance ratio compared to 
their counterparts. The performances of RF MEMS switches compared to their counter 
parts are shown in table 1.3. 
Table 1.3 Performance comparison of FETs, PIN Diode, and RF MEMS 
Parameter RF MEMS PIN FET 
Voltage (V) 20-80 ±3-5 3-5 
Current (mA) 0 3-20 0 
Power consumption (mW) 0.05-0.1 5-100 0.05-0.1 
Switching time 1-300 μs 1-100 ns 1-100 ns 
Cup (series) fF 1-6 40-80 70-140 
Rs (series) Ω 0.5-2 2-4 4-6 
Capacitance ratio 40-500 10 n/a 
Cutoff frequency (THz) 20-80 1-4 0.5-2 
Isolation (1-10 GHz) Very high High Medium 
Isolation (10-40 GHz) Very high Medium Low 
Isolation (60-100 GHz) High Medium None 
Loss (1-100 GHz) (dB) 0.05-0.2 0.3-1.2 0.4-2.5 
Power handling (W) <1 <10 <10 
Third-order intercept point (dBm) +66-80 +27-45 +27-45 
1.5  Limitation of RF MEMS switches [2] 
The reliability of MEMS switches is of major concern for long term applications and 
is currently the subject of an intense research effort. The mechanical failure (metal fatigue 
or fracture) of well-designed micromachined cantilever or fixed-fixed beams is not a 
problem since the beams are 75-350 μm long and are deflected by only 1-4 μm. Actually, 
many MEMS switches have been tested up to 100 billion cycles with no observed 
mechanical failure around the anchors (the location of maximum strain). For dc-contact 
switches, the failure mechanisms are resistive, and for capacitive switches, the failure 
mechanism is due to stiction.  
The reliability of the dc-contact switch is limited by damage, pitting, and hardening of 
the contact area due tothe impact force between the beam and the bottom metal. Other 
failure mechanisms are due to organic deposits and contamination around the contact area, 
but these can be mitigated with a clean packaging environment. The failure shows as an 
increase in the contact resistance from 1-2 to 4-10 and above. Resistive failure occurs quite 
suddenly, and, for a 100 million cycle switch, the failure occurs in the last 50,000-200,000 
cycles. There is no specific definition for resistive failure, but a good assumption is when 
the contact resistance becomes greater than 4-5 Ω (which results in an insertion loss of 
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voltage and reducing the impact energy on the contact area as demonstrated by the 
University of Michigan and Rockwell Science Center. In general, stiction is not a problem 
in series switches for low RF powers, since, for most designs, the pull-down electrode does 
not even need to touch the micromachined beam. However, microwelding can be a serious 
problem for 100-1000 mW of RF power. For a contact resistance of 1 Ω, the contact 
dissipates 2% of the incident power, which is 2 mW for an RF power of 100 mW. This 
results in microwelding of the contact area and a failure of the switch in the closed 
position.  
The reliability of capacitive switches is dominated by stiction between the dielectric 
layer and the metal due to the large contact area of the switch (approximately 100μm × 100 
μm). The major stiction force is due to the charging effects in the silicon nitride dielectric 
layer, and, depending on the polarity of the injected charge, it can cause the switch to either 
stick in the down-state position or results in an increase in the pull-down voltage so that the 
MEMS switch cannot be used anymore. The electric field can be as high as 3-5 MV/cm in 
the dielectric layer, which results in a FP-charge injection mechanism from the metal to the 
dielectric [3]. Charge injection is exponential with voltage, and a reduction in the 
pull-down voltage by 6V can result in a 10× increase in the lifetime of the MEMS switch 
[3]. This does not automatically lead to the design of low-spring constant, low-voltage 
switches (5-10V) since these switches have a low restoring (pull-up) force. A pull-down 
voltage of 25-30V may be the best compromise. Also, it is well known that silicon dioxide 
has a much lower trap density than silicon nitride and may result in less charging when 
used in the RF MEMS capacitive switch. The penalty paid is a decrease in the down-state 
capacitance (or capacitance ratio) due to the lower dielectric constant of the oxide material. 
Once the charge injection is solved, the reliability is limited by stiction due to water vapor 
(humidity) and organic contaminants underneath and around the MEMS switch. 
Most mature dc-contact series switches have been tested to 50-500 million cycles 
(Rockwell, Motorola, Samsung) with the notable exception of Analog Devices, which was 
demonstrated up to several billions of cycles. All tests are done on-wafer, at 1-5 mW of RF 
power, using a 1-10 KHz switching rate, under flowing nitrogen or dry-air environments 
and in clean room conditions. Analog Devices has shown that their switch can reliably 
handle amps of pulsed-current ms durations) which is interesting for industrial and medical 
ultrasonics applications. Analog Devices has also packaged its MEMS switch using 
standard hermetic-sealing techniques, and the packaged switch was tested to several billion 
cycles. The Raytheon switch and the Lincoln Lab capacitive switches were tested to more 
than 1 billion cycles with high repeatability (under the same conditions outlined above). 
These are the only capacitive switches that have crossedthe 1 billion cycle mark (at least, 
public information). All RF MEMS switches (dc-contact and capacitive) show a marked 
reduction in reliability when tested at 50-100 mW. The failure mechanisms under medium 
power levels are still not well understood.  
One of the major questions in communication systems concerns the reliability of the 
switch for long-term applications. That is, will the switch fail if actuated in the down-state 
position for hours, days, or months and 1-100 mW of RF power is flowing through the 
contact areas? Remember that the restoring force of the electrostatic MEMS switch is only 
30-150 μN. Surprisingly, there are no long term reliability results for capacitive and 
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2. Mechanism of Dielectric Charging and Analytical Modeling 
2.1  Mechanism of Dielectric Charging 
Common dielectric materials like SiO2 and Si3N4 provide trap sites for positive and 
negative charges both deep inside and at the interfaces in multilayer stacks [4]. Typical trap 
density is 1018 cm-3 for PECVD (Plasma Enhanced Chemical Vapor Deposited) dielectric 
layers [5]. The detailed trapping and de-trapping mechanism is at present not fully 
understood and described in the literature but several experimental observations indicate 
that Frenkel-Pool conduction mechanism play an important role for high electric fields and 
thin dielectrics. The Frenkel-Pool emission process [6, 7] is illustrated in figure 2.1. An 
electron stored in the trap is thermally excited to overcome the barrier ΦB that is the depth 
of the trap potential well. An external electric field E (voltage difference between metal 
electrodes is V) stressing the dielectric lowers the barrier for the trapped electron resulting 





πε ε− Φ +
=
                    (2.1) 
here C is a constant that is a function of the density of trap centers, q is the electronic 
charge, ε0 the permittivity of free space, εd the relative permittivity of dielectric, kB the 











Since there is an exponential relationship between the current density and the applied 
voltage (electric field) on expect that the lifetime of the MEMS switches is exponentially 
related to the applied voltage. This is experimentally confirmed in [9]. Melle et al also 
measured the leakage current for MIM structures showing a logarithmic linear relationship 
between J/E and E1/2 [8,10,11]. As shown in figure 2.2 the measured response for high 
electric field indicates a Frenkel-Poole conduction mechanism.  
Also other conduction mechanisms like dipolar, Schottky and space charge limited are 
Fig.2.1. Dielectric film between two 
metal electrodes. Frenkel-Pool emission 
of a trapped electron into one of the 
metal electrodes. 
Fig.2.2.Current leakage vs applied voltage 
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shown to be present at different parameter settings [12]. 
The transient behavior of the charging and discharging current is still under 
investigation. The first attempt [13] uses a physical model adapted from charging of 
transistor gate dielectric to set up a stretched exponential time dependence of the amount of 
charge in the dielectric as 
( ) [ ]( )0 1 tt qN e βτσ −= −                          (2.2) 
in which N0 is the total trap density, q is the elementary charge, t is the stressing time and τ 
is the time constant for charging. The parameter β accounts for the fact that there is a 
distribution of trapping time constant e.g. not all traps have the same time constant. This 
model is simplified setting β to unity and then the time to critical charging is calculated. In 
a series of experimental results the stretched exponential dependence on the charging and 
de-charging mechanism is also supported [14-17]. 
The stretched exponential dependence gives the following time dependence of the shift 
in pull-in voltage. 




z t zqNV e
βτσ
ε ε ε ε
−= = −                 (2.3) 
By measuring the voltage shift for a capacitive switch with silicon nitride dielectric as a 
function of stressing time it has been shown that the stretched exponential time dependence 
reduces to square root dependence because β is close to 0.5, and 1/τ is very small [18]. 
Also the exponential dependence on the stressing voltage is confirmed 
suggesting stressVshiftV te
ηα= . Here α and η are fitting parameters.  
By measuring the charging and discharging currents for MIM capacitors Yuan et al 
has shown that assuming two main trapping species a approximate fit to the experimental 
results are obtained [19-21]. This is an alternative to the description using a distribution of 
trapping times. The trapping time dependence of each specimen is then assumed to be 
purely exponential. After a time of charging the charge density is then given by 
( ) ( ) ( )211 21 1C Cttt qN e qN e ττσ −−= − + −                (2.4) 
in which qN1 is the steady state charge density of the first species of trap, qN2 is the steady 
state charge density of the second species of trap, 1Cτ  and 2Cτ  are the respective charging 
times. Assuming that all traps are filled after charging ( ) 1 2t qN qNσ →∞ = + , the time 




D Dttt qN e qN e ττσ −−= +                       (2.5) 
in which 1Dτ  and 2Dτ  are the respective discharging times. Fitting this model to 
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determined giving a model to predict the charging behavior. It was found that temperature, 
peak voltage, and duty cycle were critical acceleration factors for dielectric charging 
effects whereas frequency had little effect on charging [20]. Also this model can be used to 
design control waveforms that can prolong lifetime [21-23]. It is shown that bipolar 
waveforms can reduce charging but it may be difficult to fine tune the waveforms to 
completely eliminate charging [22]. 
2.2  Analytical Modeling  
The present understanding of the basic mechanisms that cause dielectric charging is 
limited. But still it is possible to understand and estimate the effects of extra charges 
present inside or on the surface of the dielectric layer. In this section we will review the 
model initially developed in [4] and further refined in references [13] and [24]. 
 
Fig. 2.3. Geometry of the charging model[13]. 
Wibbeler et al [4] analyzed the influence of a parasitic charge density present at the 
surface of the dielectric. This was generalized to a parasitic sheet charge density anywhere 
inside the dielectric in [13]. The charging model used in [13] is shown in Figure 2. The 
parasitic sheet charge density σ2 is placed a distance z from the CPW central conductor. 
The charge density per unit area of the bridge conductor and the CPW central conductor is 
σ1 and σ3 respectively. The bridge conductor is grounded and the CPW central conductor 
has a dc potential V1. The potential at the dielectric surface is V3 and at the position of the 
sheet parasitic charge it is V2. The electric field in the air gap is E3. Inside the dielectric 
above the parasitic charge the electric field it is E2 and below the parasitic charge it is E1. 
The area of this parallel plate capacitor is A. 
The electric field at a point immediately outside the surface of the charged CPW 
central conductor is E1=σ3 /ε0εr [25]. Similarly the electric field immediately outside the 
surface of the charged bridge conductor is E3=-σ1 /ε0. The minus sign comes from the fact 
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